Summary: Myotonic dystrophy (DM) is a dominantly inherited neurodegenerative disorder for which there is no cure or effective treatment. Investigation of DM pathogenesis has identified a novel disease mechanism that requires development of innovative therapeutic strategies. It is now clear that DM is not caused by expression of a mutant protein. Instead, DM is the first recognized example of an RNA-mediated disease. Expression of the mutated gene gives rise to an expanded repeat RNA that is directly toxic to cells. The mutant RNA is retained in the nucleus, forming ribonuclear inclusions in affected tissue. A primary consequence of RNA toxicity in DM is dysfunction of two classes of RNA binding proteins, which leads to abnormal regulation of alternative splicing, or spliceopathy, of select genes. Spliceopathy now is known to cause myotonia and insulin resistance in DM. As our understanding of pathogenesis continues to improve, therapy targeted directly at the RNA disease mechanism will begin to replace the supportive care currently available. New pharmacologic approaches to treat myotonia and muscle wasting in DM type 1 are already in early clinical trials, and therapies designed to reverse the RNA toxicity have shown promise in preclinical models by correcting spliceopathy and eliminating myotonia. The well-defined ribonuclear inclusions may serve as convenient therapeutic targets to identify new agents that modify RNA toxicity. Continued development of appropriate model systems will allow testing of additional therapeutic strategies as they become available. Although DM is a decidedly complex disorder, its RNA-mediated disease mechanism may prove to be highly susceptible to therapy.
INTRODUCTION
Myotonic dystrophy type 1 (DM1) is the most common muscular dystrophy in adults, affecting approximately 1 in 7400. 1 Inheritance is autosomal dominant and results from a CTG repeat expansion in the 3= untranslated region of the DM protein kinase gene (DMPK) on chromosome 19q. 2 The severity of disease is proportional to the size of the expansion. The number of repeats tends to increase from generation to generation, accounting for the genetic anticipation characteristic of this disease. As with several other types of muscular dystrophy, disease in DM1 is not limited to skeletal muscle. Instead it is a multisystemic disorder that includes myotonia, progressive weakness, muscle wasting, insulin resistance, cardiac conduction defects, neuropsychiatric symptoms, gonadal atrophy, and early cataracts.
A second form of myotonic dystrophy, DM type 2 (DM2), was discovered more recently. DM2 results from an unstable expansion of a CCTG repeat in intron 1 of the zinc finger protein 9 gene (ZNF9) gene on chromosome 3q. 3 DM2 shares the core features of DM1, including autosomal dominant inheritance, weakness, myotonia, and multisystem involvement. In contrast to DM1, however, weakness and myotonia affect proximal leg muscles at onset, and muscle atrophy generally is less severe.
There is no cure for DM. Current treatment for DM is limited to supportive care that partially alleviates signs and symptoms of the disease but does nothing to slow or halt disease progression. The ultimate goal in development of new therapies is reversal of the disease phenotype. Fortunately, we are at or near a stage where therapeutic intervention has begun to target specific biochemical pathways that are abnormal in DM. This review discusses new strategies already in clinical trials that target two clinical features of DM, myotonia and muscle wasting, as well as approaches that are designed to reverse the phenotype by directly targeting the RNA-mediated disease mechanism.
MOLECULAR PATHOGENESIS
Research on animal models of DM1 has uncovered a novel disease mechanism that is mediated directly by a toxic RNA, independent of the protein encoded (FIG. 1) . In fact, because of the location of the repeat expansion mutations outside of the DMPK and ZNF9 coding re-gions, the protein product in both types of DM is entirely normal. In DM1, the expanded CTG repeat is expressed as an expanded CUG repeat (CUG exp ) RNA, whereas in DM2 the expanded CCTG repeat is expressed as a CCUG exp RNA. In both conditions, the expanded repeat RNA is retained in nuclei of affected tissue, forming well-defined ribonuclear inclusions. 3, 4 Nuclear retention of the mutant RNA leads to dysfunction of at least two RNA-binding proteins: 1) muscleblind-like 1 (MBNL1) in both DM1 and DM2 [5] [6] [7] and 2) CUG-binding protein 1 (CUGBP1) in DM1. 8, 9 MBNL1 and CUGBP1 are antagonistic regulators of developmental alternative splicing of pre-mRNA.
7,10 Misregulated alternative splicing, or spliceopathy, currently is recognized
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as the primary consequence of RNA toxicity in both types of DM. Myotonia and insulin resistance in DM result directly from spliceopathy of the muscle chloride channel ClC-1 and insulin receptor, respectively. 9,11-13 Although it is not clear which of the other core clinical features of DM, if any, are due to aberrant splicing, at least two dozen transcripts are misspliced in DM1, and it is likely that dozens if not hundreds more remain to be identified (see review by Osborne and Thornton 14 ) . The vast majority of these splicing changes are conserved in DM1 and DM2. 7 In each case, the spliceopathy involves a reversion to the fetal and early postnatal developmental splicing patterns.
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TREATMENT STRATEGIES THAT TARGET SPECIFIC ASPECTS OF DM
Myotonia reduction
A characteristic clinical feature of DM is delayed relaxation of muscle, due to repetitive action potentials. This phenomenon, called myotonia, is the symptom by which DM is recognized most often. Although not the most serious complication of DM, myotonia exacerbates disability, with preferential involvement of muscles that are the weakest, such as those in the hand and forearm. It is not known to what extent, if at all, myotonia contributes to the dystrophic process. The persistent muscle contractions induced by myotonia may increase susceptibility to muscle fiber dysfunction or damage, perhaps due to elevated calcium influx. If so, an additional advantage of myotonia reduction in DM may be improvement of muscle function.
Several drugs are used to treat myotonia. For example, mexiletine, an antiarrhythmic that acts on sodium channels, has been used off-label to treat myotonia in DM and in nondystrophic myotonias. In the absence of qualitycontrolled clinical trials, however, the safety and efficacy of antimyotonia agents in DM1 are unknown. 15 Recently, mexiletine has undergone closer investigation as an antimyotonia drug in DM1. Early results from two small 7-week, randomized, double-blind, placebo-controlled cross-over trials suggest that mexiletine is safe and effective at myotonia reduction in DM1. 16 Final results from data interpretation are forthcoming (R.T. Moxley, personal communication). If these preliminary results are confirmed, longer treatment trials will allow determination of whether myotonia reduction has any effect on muscle strength and function.
Although the effect of mexiletine on myotonia reduction in DM2 patients is predicted to be similar as in DM1, this will have to be determined in separate treatment trials. Compared to DM1, however, myotonia in DM2 patients tends to be qualitatively and quantitatively less severe, 17 suggesting that fewer DM2 patients may benefit from aggressive antimyotonia treatment.
Reversal of muscle wasting in DM1: IGF-1/IGFBP3
Progressive muscle wasting and weakness are hallmarks of DM1. Unlike other forms of muscular dystrophy, muscle wasting in DM1 does not result from extensive muscle necrosis, nor is it accompanied by conspicuous muscle fibrosis. Instead, evidence suggests that wasting in DM results from a defect in muscle anabolism. For example, rates of protein synthesis are reduced and the caliber of muscle fibers progressively diminishes, suggesting that muscle wasting in DM results from a defect in muscle anabolism. 18, 19 These observations raise the possibility that a strong anabolic stimulus could reverse muscle wasting in DM1. Several anabolic agents already have been tested for their ability to improve muscle strength. Randomized trials of testosterone and creatine failed to improve muscle strength in DM patients. [20] [21] [22] [23] A pilot study reported that dehydroepiandrosterone (DHEA) improved strength in 11 DM patients, 24 and a phase II/III trial testing two doses of oral DHEA in DM patients has been completed (NCT00167609 at http://www. clinicaltrials.gov), although final results of this study had not been published as of June 2008.
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FIG. 1. RNA-mediated toxicity in myotonic dystrophy types 1 and 2 (DM1 and DM2). A, The normal dystrophia myotonica protein kinase gene (DMPK) contains a short CTG repeat (CTG norm ) in the 3= untranslated region of exon 15. Expression of this gene produces a mRNA containing a short CUG repeat (CUG norm ). The normal zinc finger protein 9 gene (ZNF9) contains a CCTG (CCTG norm ) repeat in intron 1 and gives rise to a pre-mRNA containing a CCUG norm repeat. Because of removal of the introns, the CCUG norm is absent from the ZNF9 mRNA. In the presence of nonexpanded CUG and CCUG repeats, activity of MBNL1 and CUGBP1 proteins is normal. B, DM1 is caused by an expansion of the CTG repeat (CTG exp ) in the DMPK gene. Expression of the mutated DMPK gene produces an mRNA containing a CUG expansion (CUG exp ). The CUG exp RNA forms a double-stranded hairpin structure that is highly stable and retained in the nucleus. An expansion of the CCTG repeat (CCTG exp ) in the ZNF9 gene causes DM2. As with the CCUG norm repeat, the CCUG exp repeat is removed from the pre-mRNA and absent from the ZNF9 mRNA. However, the CCUG exp remnant of intron 1 is highly resistant to degradation, due to formation of a double-stranded hairpin structure similar to that adopted by CUG exp RNA. In both DM1 and DM2, the pathogenic RNA is retained in the nucleus and recruits MBNL1 protein, forming ribonuclear inclusions. Sequestration of MBNL1 by the mutant RNA leads to loss of MBNL1 function, manifested by misregulated alternative splicing, or spliceopathy of at least two-dozen transcripts. Myotonia and insulin resistance in DM result from spliceopathy of ClC-1 and insulin receptor, respectively. It seems likely that additional clinical manifestations of DM1 and DM2 eventually will be linked to spliceopathy from MBNL1 loss-of-function. In DM1, hyperphosphorylation enhances stability of CUGBP1 protein, resulting in higher total protein levels. Differences in clinical manifestations, such as more prominent muscle wasting in DM1, may be related to CUGBP1 gain of function in DM1, which is absent in DM2. CUGBP1 gain of function may result from spliceopathy of transcripts regulated specifically by CUGBP1 but not by MBNL1.
Among hormones presently known to stimulate muscle anabolism, insulin-like growth factor-1 (IGF-1) has the strongest effect. Some hypothesize that decreased intracellular signaling by IGF-1 contributes to weakness or atrophy. For example, it can reverse age-related muscle wasting in animal models 25 and can ameliorate the degenerative effects of dystrophin deficiency in mice. 26 Furthermore, a preliminary study has suggested that recombinant human IGF-1 (rhIGF1) can improve muscle strength and function in adult patients with DM1. 27 The formulation of rhIGF1 used in the previous study has limitations, however. The preparation required twicedaily subcutaneous injections due to a short half-life. The short, circulating half-life of rhIGF1 may have limited the opportunity to observe a stronger therapeutic effect on skeletal muscle.
A longer acting preparation of rhIFG1 with fewer side effects has become available. The preparation is rhIGF1 complexed to recombinant human IGF binding protein-3 (rhIGFBP3). This novel compound is administered as a preformed complex as a once-daily subcutaneous injection, which can restore and maintain IGF-1 to physiologically relevant levels. IGF-1 serum concentrations are markedly increased by the rhIGF1:rhIGFBP3 complex (IPLEX; Insmed, Richmond, VA) over rhIGF1 therapy alone, and the incidence of hypoglycemia is much less. Preliminary studies in elderly women after hip fracture and type 2 diabetes indicated that rhIGF1:rhIGFBP3 is safe, well-tolerated, and effective. 28,28a This suggests that rhIGF1:rhIGFBP3 is a good candidate for treatment of muscle atrophy in DM1.
The safety and tolerability of rhIGF1:rhIGFBP3 as a treatment for muscle wasting and weakness in DM1 patients is being tested in an open-label, dose escalation Phase II trial (NCT00233519 at http://www.clinicaltrials.gov). This study will also examine the effects on muscle mass and strength to obtain the data needed to plan a larger Phase II study of efficacy. This study is the first to examine the effects of rhIGF1:rhIGFBP3 complex in a human muscle disease. Preliminary results indicate that daily subcutaneous injection of rhIGF1:rhIGFBP3 is safe and well-tolerated by patients with DM1. 29 Based on these encouraging preliminary data, a randomized, double-blind, placebo-controlled, Phase II trial is now underway to evaluate tolerability, safety, and efficacy of rhIGF1:rhIGFBP3 in DM1 patients (NCT00577577 at http://www.clinicaltrials.gov).
Myostatin inhibition
Myostatin is a circulating protein produced and secreted by skeletal muscle that acts as a negative regulator of muscle growth and function. Mutations of myostatin lead to substantially increased muscle mass in cattle, 30 mice, 31 and humans, 32 and enhance athletic performance and muscle mass in whippet dogs. 33, 34 Reduction of myostatin activity also has disease-modifying effects in muscular dystrophy. For example, loss of myostatin function, either by gene deletion or circulating antibodies against myostatin, increases muscle mass, improves function, and reduces dystrophic changes in a mouse model of dystrophin-deficient muscular dystrophy. 35, 36 In addition, deacetylase inhibitors, which upregulate levels of the endogenous myostatin inhibitor follistatin, also improved muscle function in two forms of muscular dystrophy in mice. 37 Myostatin is not known to be overactive in DM. Nonetheless, reduction of existing myostatin activity in DM1 may have beneficial effects on protein anabolism by acting through mechanisms independent of those that cause the disease. Inhibition of myostatin increases myofibrillar protein synthesis in adult muscle, enhances muscle regeneration by stimulating proliferation and differentiation of muscle precursor cells, and suppresses insulin resistance. 38 -40 Defects of protein anabolism in DM1 may be related to one or more factors, including poor muscle maturation, impaired fiber regeneration, and insulin resistance, which suggests that myostatin inhibition may be a good approach for treatment of muscle wasting and weakness in these patients. Although a multicenter Phase I/II trial testing an antimyostatin antibody, MYO-029, failed to show efficacy in three types of adult muscular dystrophy, it was safe and well tolerated at the doses used. 41 No DM patients were included in the study, however. Due to the prominent and debilitating muscle wasting in DM1, a Phase I/II trial may be indicated to assess the potential of MYO-029 to reverse of muscle weakness and wasting in these patients.
Several additional approaches may be considered to reduce myostatin function in DM1, including deacetylase inhibitors, 37 blockade of myostatin receptors, 42 morpholino antisense oligonucleotides (Gene Tools, Philomath, OR) designed to block translation or skip exon 3 of myostatin 43 to produce a nonfunctional protein, 38 or viral overexpression of endogenous myostatin inhibitors. 44 A new mouse model of DM1 that features prominent muscle atrophy is now available 45 to test therapeutic strategies designed to reverse muscle wasting, including myostatin inhibition. Even if shown to be effective to reverse muscle wasting in DM, myostatin inhibition eventually would give way to a more specific treatment that targets the RNA-mediated disease mechanism.
Reduction of RNA-mediated toxicity
Reversal of spliceopathy: antisense oligonucleotideinduced exon skipping. Evidence now indicates that the physiological basis of myotonia in DM is due to dysfunction of the muscle-specific chloride channel ClC-1. Takahashi and Cannon 11 found that chloride conductance in muscle fibers from the HSA LR transgenic mouse model of DM1 is dramatically reduced. This finding was correlated with identification of aberrant alternative splicing of the ClC-1 pre-mRNA and diminished expression of chloride channel protein at the surface membrane in the HSA LR transgenic mouse model and muscle biopsies from DM1 patients. 11 The splicing abnormality involves aberrant inclusion of exon 7a into the mature ClC-1 mRNA. 11, 12 Inclusion of exon 7a leads to a premature termination codon downstream in exon 7, resulting in a truncated, poorly functional chloride channel protein. A recent study has confirmed ClC-1 channelopathy as responsible for development of myotonia in DM. 46 The agents currently used to reduce myotonia typically provide only partial relief of myotonia in DM, probably because none act specifically to restore the ClC-1 function that is defective in DM. Direct targeting of the mechanism of myotonia is predicted to demonstrate greater efficacy of myotonia reduction. Recently this approach was tested in two mouse models of myotonic dystrophy: an antisense oligonucleotide (AON) was designed to skip the abnormally included exon of the muscle chloride channel, exon 7a. 47 By suppressing inclusion of exon 7a, the AON restored the reading frame and produced a normal ClC-1 mRNA. The end result is production of a full-length, fully functional chloride channel and elimination of myotonia for up to 8 weeks after a single treatment.
This was the first study to demonstrate that specific correction of spliceopathy by AONs can reverse phenotype in a DM1 model. The specificity, efficacy, and duration of effect suggest that this strategy could be a powerful method of myotonia reversal in DM. Unlike pharmacological agents such as mexiletine, which reduces myotonia indirectly by acting on the sodium channel and has disadvantages such as frequency of administration (TID) and the potential for cardiac complications, morpholino AONs are highly specific and effective for long-term myotonia reversal.
Although this approach is a powerful method to reduce myotonia in mouse models of DM, its use as a therapy in DM patients has limitations. First is delivery. To be effective in patients, the AONs would have to penetrate muscle tissue efficiently after systemic delivery. It is encouraging that systemic delivery of AONs already has proven effective to manipulate constitutive splicing in preclinical models of Duchenne muscular dystrophy (DMD). 48, 49 AON-mediated exon skipping also has demonstrated safety and efficacy in DMD patients by intramuscular injection, 50 and a second Phase I/II study of morpholino AON-induced exon skipping in DMD patients is ongoing (NCT00159250 at http://www. clinicaltrials.gov). In dystrophin-deficient muscular dystrophy, the muscle tissue features segmental necrosis and leaky muscle membranes that enhance access of AONs to muscle fibers. In DM, however, the muscle fiber surface membrane is intact, greatly limiting uptake of AONs. To overcome an intact muscle surface membrane, application of AON-mediated exon skipping in DM will require use of special delivery moieties that enhance AON uptake in muscle fibers when delivered systemically. Two such moieties have shown early success in mouse models. 51, 52 A second limitation of this approach is that it targets only myotonia without addressing aspects of DM that result from spliceopathy of other transcripts. One possible solution includes combining multiple AONs designed to correct splicing of two or more transcripts and deliver as a cocktail. This strategy is being considered for treatment of DMD patients, in whom skipping of two or more exons is required to achieve an in-frame dystrophin transcript. Meaningful application of AON-mediated exon skipping for disease reversal in DM will depend on identifying additional aberrantly spliced exons that contribute to core features of the disease.
Upregulation of MBNL1 activity. Misregulated alternative splicing due to a loss of MBNL1 function or to an increase in CUGBP1 activity (or both) is recognized as the major consequence of RNA-mediated toxicity in DM. 6, 8, 9, 12, 53 Loss of MBNL1 protein function in DM is due to its depletion from the nucleoplasm by mutant RNA. 7 One strategy for reversing spliceopathy due to loss of MBNL1 function is to increase levels MBNL1 in affected tissue. This approach has been tested in a transgenic mouse model of DM1 by intramuscular injection with an adeno-associated virus (AAV) designed to overexpress MBNL1 protein. 54 In that study, a twofold upregulation of MBNL1 protein-saturated binding sites on CUG exp RNA and restored localization of MBNL1 protein free in the nucleoplasm, effectively overcoming its sequestration by mutant RNA. The result was normalization of MBNL1 activity to a level sufficient to reverse myotonia and spliceopathy for up to several months after a single treatment. In a separate study, genetic overexpression of MBNL1 alleviated muscle degeneration in a fly model of DM1, providing further evidence that upregulation of MBNL1 activity can rescue phenotype due to CUG exp RNA. 55 AAV-mediated overexpression of MBNL1 may hold promise in reversing disease in DM patients; however, localized injection of AAV-MBNL1 is not practical for long-term clinical application. To be a viable therapy for DM patients, AAV-mediated overexpression of MBNL1 will require systemic delivery, such that muscle, and affected nonmuscle tissue can be treated throughout the body. Systemic AAV gene therapy has already proven very successful in restoring expression of a truncated dystrophin body-wide in skeletal muscle of preclinical models of DMD. 56 The feasibility of gene therapy for muscular dystrophy patients is being tested in separate, randomized, double-blind Phase I trials to investigate the safety and efficacy of AAV-mediated delivery of a minidystrophin gene in boys with DMD (NCT00428935 at http://www.clinicaltrials.gov) and ␣-sarcoglycan in patients with limb girdle muscular dystrophy type 2D (NCT00494195 at http://www.clinicaltrials.gov) by intramuscular injection. If systemic gene therapy proves effective in preclinical models of DM, then Phase I trials can be designed to test safety and benefit in DM1 patients. Because of involvement of cortical neurons and anterior horn cells in DM1, 57, 58 optimal delivery strategies for gene therapy in DM patients will include those that penetrate the CNS.
In DM2 patients, loss of MBNL1 function also leads to spliceopathy. Therefore, upregulation of MBNL1 activity by viral-mediated overexpression is predicted to show similar efficacy in DM2 as in DM1. Development of preclinical models of DM2 will allow testing of this hypothesis.
Downregulation of CUGBP1 activity. Steady-state CUGBP1 protein levels are increased in DM1 muscle, 9 but are normal in muscle from DM2 patients, despite spliceopathy of an almost identical subset of transcripts. 7 These observations, together with more recent evidence, suggest that elevated CUGBP1 activity may contribute to clinical features in DM1 that are distinct from DM2.
An exciting new transgenic mouse model that expresses 960 CUG repeats develops not only ribonuclear foci, MBNL1 sequestration, spliceopathy, and myotonia, but also important additional features of DM1 that are lacking in DM2: prominent muscle wasting, elevated CUGBP1 levels, and spliceopathy of newly identified transcripts that are regulated specifically by CUGBP1 but not by MBNL1. 45 A second new DM1 model that features cardiac-specific expression of CUG exp RNA develops cardiac arrhythmias, cardiomyopathy, and spliceopathy that is associated with early elevation of CUGBP1 levels. 59 Together, these data suggest that overactivity of CUGBP1 may play an important role in the development of muscle wasting and/or cardiac disease in DM1, and that reducing CUGBP1 activity may be a strategy to ameliorate or even reverse these abnormalities.
Recently, CUGBP1 was shown to be hyperphosphorylated in DM1 by inappropriate activation of protein kinase C isoforms. 60 Hyperphosphorylation of CUGBP1 enhances its stability and accounts for the elevated steady-state levels in DM1. 60 To test the role of CUGBP1 hyperphosphorylation in development of muscle wasting and cardiac disease in DM1, these new transgenic models can be treated with protein kinase C inhibitors to downregulate, or prevent upregulation, of CUGBP1 activity by reducing its phosphorylation.
Neutralization or elimination of the mutant RNA. Clinical manifestations in both types of DM result from toxicity mediated directly by the mutant RNA. Some of the RNA-mediated toxicity is manifested as misregulated alterative splicing due to loss of MBNL1 function, gain of CUGBP1 activity, or both. It is not known, however, to what extent RNA toxicity in DM is the result of mechanisms distinct from spliceopathy. Therefore upregulation of MBNL1 function, downregulation of CUGBP1 activity, or both processes together may be insufficient to reverse all aspects of the disease.
An alternative, straightforward therapeutic strategy to reduce RNA toxicity in DM involves neutralization or elimination of the mutant RNA. Puymirat and colleagues 61 have tested the functional effects of CUG exp RNA degradation by antisense gene therapy. In that study, human DM1 muscle cells in culture were transfected with a retrovirus expressing antisense RNA that was designed to bind and degrade the mutant DMPK allele. Expression of antisense RNA had the intended effect of preferential reduction of mutant DMPK RNA levels. In addition, muscle cell function was improved, manifested by more efficient differentiation and fusion, enhanced glucose uptake in response to insulin, and downregulation of CUGBP1 protein levels. In a separate study, the same research group also demonstrated that a ribozyme, a small catalytic RNA molecule capable of site-specific cleavage of RNA, can mediate degradation of mutant DMPK nuclear foci and partial resolution of insulin receptor splicing in DM1 myoblasts. 62 Mahadevan et al. 63 provided further evidence that downregulation of CUG RNA can be sufficient to reverse the disease process by designing a transgenic mouse model of DM1 in which expression of CUG RNA could be turned on to precipitate development of disease manifestations and later turned off to follow resolution of the phenotype as levels of CUG RNA decreased. Nonviral approaches to reduce CUG exp RNA include short interfering RNA (siRNA), which has demonstrated efficacy in DM1 fibroblasts. 64 Together, these data support a role for degradation of the mutant RNA as a potential therapeutic strategy in DM1. Clinical application of these strategies necessitate development of efficient means of systemic delivery of viral-mediated antisense, siRNA, or both. High specificity for degradation of the mutant allele will be required to minimize nonspecific degradation of the normal allele and subsequent reduction of DMPK protein levels. Although these data are specific for DM1, similar methods can be tested for efficacy in DM2 cells to reduce CCUG exp RNA levels. In DM2, the concern for degradation of the normal ZNF9 RNA by targeting CCUG exp RNA for degradation is low, because after RNA processing the ZNF9 mRNAs from the normal and mutant allele are identical, due to removal of intron 1 that contains the mutant RNA. 65 The result is that the mutant RNA retained in DM2 nuclei consists entirely of CCUG exp RNA.
The presence of well-formed ribonuclear foci in DM may serve as convenient therapeutic targets for pharmacologic modification of RNA-mediated toxicity. Development of biochemical, genetic, or cell-based assays that feature DM-like RNA toxicity will allow testing of this idea by high-throughput screening (HTS), in which hundreds or thousands of small molecule compounds are tested in parallel for their ability to initiate a desired outcome. 66 HTS of chemical libraries has identified several compounds that modify toxicity in cell and genetic models of polyglutamine disease. 67 The goal of highthroughput screening in DM is to facilitate the discovery of small molecules that modify RNA toxicity. Positive hits would include compounds that, for example, disrupt the mutant RNA-protein interaction by binding to CUG exp or CCUG exp RNA, influence alternative splicing efficiencies, or downregulate total levels of mutant RNA.
In a recent report, screening of a chemical library consisting of 400 compounds identified 10 candidate drugs that modified RNA toxicity in a Drosophila model of DM1. 68 Screens of additional libraries are likely to identify new compounds that demonstrate similar effects. HTS of small libraries of biologically active compounds with low toxicity has been recommended as the most effective first step. 66 Considering that spliceopathy currently is recognized as the primary consequence of RNA toxicity in DM, a cell-based assay developed by Orengo et al. 69 that provides a quantitative readout of splicing outcomes, seems ideal for application of HTS to identify candidate drugs for DM. A new small molecule microarray platform that enables rapid screens for RNA-ligand interaction may facilitate identification of small molecules that bind to CUG exp or CCUG exp RNA.
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CONCLUSION
Conventional approaches to treatment of DM are supportive and have failed to slow or halt disease progression. Now that it is clear that clinical manifestations of DM result directly from expression of a mutant expanded repeat RNA, the search for novel therapies for DM is underway. The ultimate goal for treatment of DM is reversal of the RNA-mediated toxicity. The mutant RNA itself and the pathways that lead to myotonia and abnormal alternative splicing in DM all represent therapeutic targets. Demonstration in animal models of DM1 that either antisense oligonucleotides or gene therapy can eliminate myotonia and spliceopathy, even after it is well established, is encouraging and suggests that other aspects of the disease such as weakness and muscle wasting may be reversible as well. The ideal approach for disease reversal probably involves neutralization or elimination of the mutant RNA transcripts. Once identified, candidate agents that demonstrate efficacy at reducing RNA toxicity in model systems should be extended to Phase I clinical trials. As development of targeted therapy continues to advance, DM may prove to be a highly treatable disorder.
